Phycobilisomes were isolated from wild type Grcilaria tikvahiae and a number of its geneticafly characterized Mendelian and non-Mendelian pigment mutants in which the principal lesions result in an increase or decrease in the accumulation of phycoerythrin. Both the size and phycoerythrin content of the phycobilisomes are proportional to the phycoerythrin content of the crude algal extracts. In most of the strains examined, the structure and function of the phycocyanin-allophycocyanin phycobilisome cores are the same as in wild type. The phycobilisome architecture is derived from wild type by the addition or removal of phycoerythrin. The same pattern is observed for the phycobilisome of mos2 which contains a large excess of phycocyanin that is not bound to the phycobilisome. The single exception is a yellow, non-Mendelian mutant, NMY-1, which makes functional phycobilisomes composed of phycoerythrin and allophycocyanin with almost no phycocyanin. Characterization of the 'linker' polypeptides of the phycobilisome indicates that a 29 kilodalton protein is required for the stable incorporation of phycocyanin into the phycobilisome. Evidence is provided for the requirement of nuclear and cytoplasmic genes in phycobilisome synthesis and assembly. The symmetry properties of the phycobilisome are considered and a structural model for the reaction center II-phycobilisome organization is presented.
Phycobilisomes are photosynthetic light-harvesting assemblages which are composed of pigment-protein complexes and are found associated with the photosynthetic membranes of the cyanobacteria and red algae (5) . In many species, the phycobilisomes are quite abundant and fill much of the interthylakoidal space (5, 6) . All This structural model is based on the dissociation kinetics of the isolated phycobilisome which demonstrate that PE is the most rapidly dissociated and therefore the most peripheral component ofthe phycobilisome (5) , on the observation of six rods attached to negatively stained, isolated phycobilisomes from cyanobacteria and red algae (2, 10, 19, 25) , and by the isolation and characterization of PC:PE rods from a unicellular red alga (10) .
Excitation of either PE, PC, or APC in isolated intact phycobilisomes results in a major emission band with a maximum at 670 nm. The absorption and emission properties of the isolated biliproteins, the arrangement of the biliproteins in the phycobilisome, and the fluorescence emission properties of the isolated phycobilisomes all indicate that excitation energy is transferred from PE to PC to APC and emitted as fluorescence at 670 nm. In vivo, the phycobilisomes transfer excitations directly to Chl (5) . This functional interpretation of the organization of the phycobilisome is supported by time-resolved fluorescence rise kinetics in isolated phycobilisomes and in vivo ( 16, 20) .
The models of phycobilisome structure and function are derived from work on cyanobacteria and unicellular red algae. We sought to characterize the structural and functional organization of the phycobilisome of the macrophytic red alga Gracilaria tikvahiae. Because a number of pigment mutants of this species have been isolated and genetically characterized (23, 24) ,the genetic regulation of phycobilisome structure, assembly, and function can be examined. Some of the Gracilaria pigment mutants (13) have a lower PE/PC ratio than wild type, while others have a higher PE/PC ratio than wild type. Therefore, we examined whether the phycobiliprotein composition of the phycobilisomes isolated from the different Gracilaria strains corresponds to the biliprotein composition of the whole alga in order to test the model for phycobilisome structure. Further, we examined whether the presence of particular 'linker' polypeptides in the Gracilaria phycobilisome was correlated with any phycobilisome structural parameters such as PC and PE content or phycobilisome size. Based on these observations, the structure of the Gracilaria phycobilisome is discussed and the genetic control of synthesis and assembly considered.
MATERIALS AND METHODS
Alga Material and Culturing. The Gracilaria tikvahiae stocks were cultured in a modified f/2 medium (11) and Anacystis nidulans (UTEX 625) was cultured in BG-11 (1, 12 (11) .
Method III. R-PE and PC bound to phycobilisomes and that which was free were separated in less than 1 h using a method similar to that described by Rigbi et al. (18) . A crude phycobilisome extract was prepared as described in method I using 0 (13) . Inasmuch as no extraneous material absorbing at 498 nm was present in the fractions containing phycobilisomes, the R-PE concentration (,sg/ml) was calculated using equation 1 (Fig. la) . Excitation of the PE in intact phycobilisomes at 498 nm results in a fluorescence emission spectrum with a peak at 670 to 674 nm (Fig. la) Fractions 10 or higher contain functionally intact phycobilisomes inasmuch as the ratio of 670 to 575 nm fluorescence is greater than 5. About 90% of the material recovered from the gradient which absorbs at 498 nm (primarily PE) is found in the phycobilisome band. The high UV absorbance at the top of the gradient may be due largely to residual Triton.
The ratio ofA at 498 to 612 nm, which approximates the PE/ PC ratio, is 1.3 in fraction 10 and increases with increasing fraction number to a value of 2.6 in fraction 20 ( Fig. 2) . Larger phycobilisomes have a higher PE content. The phycobilisomes of Gracilaria freshly collected in the field are even more heterogeneous and contain two major size classes of phycobilisomes. That the larger phycobilisomes also have a higher PE/PC ratio is demonstrated by a comparison of the gradients scanned at 565 nm, which is absorbed primarily by PE, and at 620 nm, which is absorbed primarily by PC (Fig. 3) . The absorption spectra of phycobilisomes from the two peaks in the 620 nm scan in Figure  3 have quite different biliprotein compositions (1 1). Therefore, the great width of the phycobilisome-containing band accurately reflects the size heterogeneity of phycobilisomes in wild type Gracilaria.
For wild type and two mutants, phycobilisome size also is correlated with PE content. Negatively stained preparations of wild type phycobilisomes taken from fraction 17 of a gradient (equivalent to that shown in Fig. 2 ) have average sizes of 40.0 (a = 6.5) by 31.0 nm (a = 6.0). The phycobilisomes of ora, a PE overproducer, are 45.0 (a = 6.6) by 32.0 nm (a = 6.0). The phycobilisomes of vrt2, a PE-deficient mutant, scored as rods 26.0 nm (a = 1.5) by 11 .0 nm which may represent dissociated phycobilisomes, or as ellipses 24 .0 nm (a = 3.5) by 19.5 nm (a = 3.5) (Fig. 4) . The measured sedimentation coefficients of the total population of phycobilisomes of wild type and ora are 92 s and 116 s, respectively. The absorption spectra of the isolated phycobilisomes of ora and vrt2 phycobilisomes are quite different (Fig. 5) These data confirm that, in a particular strain, an increase in phycobilisome size is associated in an increase in the PE content of the phycobilisomes and that in most strains the phycobilisomes are heterogeneous in size. The phycobilisomes of NMY-1 are unusual in this regard; all of the NMY-J phycobilisome fractions in Figure 6e have nearly the same biliprotein composition (Table II) . Ora phycobilisomes also are relatively homogenous as shown by inspection of Table II and by comparison of gradient scans at 620 and 546 nm ( Fig. 6c; cf. Fig. 3 ).
Most ofthe strains containing significant amounts of PE make phycobilisomes which are quite heterogeneous in size. To investigate size heterogeneity of strains with small phycobilisomes, preparations were separated on a shallow sucrose gradient (10-20%). The phycobilisomes ofNMY-J and vrt form a broad band and are heterogeneous (Fig. 6 , e and f), whereas vrt2 phycobilisomes form a narrow, symmetrical band suggesting that they are homogeneous in size (Fig. 6d) .
The PC/APC should be independent of fraction number. For the four strains above and obr, the ratios of PC to APC of the individual gradient fractions are 2.0 ± 0.5 (data not shown); the average PC/APC of the main phycobilisome band in wild type and of the mutants examined is also 2.0 ± 0.5 (Table I (Fig. 7) . The identical patterns traced at both wavelengths indicate that the PC/APC ratio is independent of phycobilisome size. Inasmuch as for most strains the amount of PC and APC per phycobilisome is the same regardless of phycobilisome size, then the A at 620 nm and hence the gradient scans are a measure of phycobilisome number and not protein mass.
The whole algal pigment contents of the 'bright green' mutants vrt2, uai, and NMG-2 are quite similar (13) ; the pigment compositions of the isolated phycobilisomes are also quite similar (Table I , columns c, e, and f). In particular, their phycobilisome FIG. 9 . SDS-PAGE analysis of isolated phycobilisomes of a number of Gracilaria strains. Phycobilisomes were isolated by method II. Gradients were run until the phycobilisomes migrated to the bottom third of the centrifuge tube and samples were removed from the side with a syringe and dialyzed against (NH4)2SO4 at 50% of saturation. The precipitate was equilibrated with 50 mm NaP1 and electrophoresed as described in "Materials and Methods." The values on the right are mol wt standards (x 10-3). The phycobilisome samples were as follows: (1) The phycobilisomes of NMY-J are exceptional in several regards. Their composition is 71% PE and 27% APC, with negligible amounts of PC. NMY-1 phycobilisomes migrate as two bands on sucrose gradients having sedimentation properties similar to phycobilisomes which contain only 40% PE (for example, vrt in Figure 60 . Even though NMY-J phycobilisomes contain essentially no PC, they have a fluorescence emission peak at 670 to 674 nm upon excitation at 498 nm (Fig. 8) . Apparently PE is attached directly to APC and transfers excitation energy to APC efficiently. The phycobilisomes of NMY-I are also unstable on a time scale ofdays, during which wild type phycobilisomes remain essentially intact. In preliminary experiments on NMY-J cultured in Halifax, shipped to Chicago and maintainedunder slow growing conditions, the PC/APC ratio of the isolated phycobilisomes was about 0.5. These features suggest that NMY-I may be a leaky mutation whose phenotype depends on growing conditions.
Phycobilisomes of Gracilaria were shown by SDS-PAGE to contain a number of larger polypeptides, termed linker polypeptides, in addition to the a and ft subunits of the biliproteins (12-22 kD). The smallest phycobilisomes, those of vrt2 and uai, which are extremely deficient in PE, contain primarily 29 and 89 kD linker polypeptides (Fig. 9, lanes 4, 5, 9 , and 10), while vrt and wild type and ora phycobilisomes with a PE/PC tatio of 1 to 6, contain a 34 kD protein in addition to the 29 amd 89 kD proteins (Fig. 9, lanes 1, 2, 3, 6, 7, and 8) . The phycobilisomes of ora also contain a fourth linker polypeptide which appears as a diffuse band at 31 kD (Fig. 9, lanes 1 and 6) . The phycobilisomes of NMY-J contain only the 89 kD linker polypeptide (Fig.  9, lane 1 1) . Other less intensely stained bands may be contaminants, degradation products of the main bands, or represent additional phycobilisome-specific linker polypeptides.
DISCUSSION
The present investigation demonstrates that the phycobilisomes of several strains of the macrophytic red alga G. tikvahiae can be isolated in forms representative of their in vivo state, that the general architecture of the phycobilisomes among the strains is conserved, and that phycobilisome size is directly related to R-PE content. Further, this study demonstrates that cooperative interactions between nuclear and cytoplasmic genomes must control phycobilisome pigment composition and size, and consequently the functional organization of the light-harvesting assemblages and the reaction centers ofphotosynthesis in red algae.
That the phycobilisomes are isolated in a native state is evidenced by the presence of 80 to 90% of the R-phycoerythrin and PC in the phycobilisomes. This high recovery is similar to that reported for Anacystis and Neoagardhiella (12) . Furthermore, the isolated phycobilisomes show fully coupled energy transfer from PE to APC (Fig. 1) . The phycobilisome architecture of wild type Gracilaria and a number of mutants is remarkably constant. For most strains, the phycobilisome PC/APC ratios are about two even though the phycobilisome PE/PC ratio is highly variable. This includes the Mendelian mutant mos2 which contains a great excess of PC over APC. Nevertheless, the PC/APC ratio of the mos2 phycobilisomes is only 2.5 and, relative to other strains, there is no dramatic increase in PC incorporation into the phycobilisomes.
Our observations suggest specific functions for at least two linker polypeptides in the phycobilisomes of Gracilaria. The non-Mendelian mutant NMY-J makes PC, yet the phycobilisomes of this strain probably contain less than one PC for every six APCs. Yamanaka and Glazer (26) provide evidence that 29 and 89 kD polypeptides are required to assemble the PC-APC core of the cyanobacterial phycobilisome. Mutant NMY-J lacks a 29 kD polypeptide, which, if essential for the attachment of PC to APC, would explain the absence of PC in NMY-1 phycobilisomes. Therefore, our studies are consistent with this proposed functional role for the 29 kD linker polypeptide in phycobilisomes and demonstrate its common occurrence in a macrophytic red alga. Further, our data suggest that non-nuclear genes may code for polypeptides essential for the structural integrity of the red algal phycobilisome. Except in NMY-J, a 34 kD polypeptide is associated with the presence of PE; this polypeptide may be the y subunit of PE or it may be required to attach PE subunits either to PC or to the PE:PC rods of the red algal phycobilisome.
Gracilaria probably contains PE:PC rods. In sucrose gradient fractions 5 and 6 of ora, particles composed primarily of PE and PC are consistently observed. On a weight basis, the apparent APC content is only I to 4% and the PE/PC ratio is 3.0 to 3.6. Upon excitation at 498 nm, these particles fluoresce at 576 and 641 nm; the 641 nm peak is more intense by a factor of 1.2 to 1.7 (spectra not shown). These particles which are also present in wild type have many of the properties of the PE:PC rods which have been described in a unicellular red alga (10) .
While there are six biliprotein rods per phycobilisome in other species, it is not clear whether this is true in Gracilaria. The Table II ). If we assume that the Gracilaria phycobilisomes are 15% uncolored proteins (17, 22) and have a PC/APC ratio of 2.0, the number of PC hexamers per Gracilaria phycobilisome is calculated to be 5.8 in wild type and 6.6 in vrt5. Therefore, the phycobilisomes of Gracilaria and most of the mutants are probably composed of three APC hexamers, six PC hexamers, and a variable amount of PE.
The phycobilisome structure proposed by several groups lacks rotational symmetry (2, 10, 17) (Fig. 10, model 1) . The presence of linker polypeptides in the phycobilisome may generate the phycobilisome asymmetry. The y subunit of B-PE is asymmetrical (3) and if the linker polypeptides are also asymmetric. The 3-fold rotational symmetry of the subunits (3) and the wellknown role of molecular symmetry in biological self-assembly processes (9) argue that the phycobilisome structure may be rotationally symmetric as proposed here (Fig. 10, model 2) . In this structure, the overlapping electron dense material would not necessarily allow resolution of PE:PC rods; such images are frequently observed in electron micrographs (2, 8, 10, 25) . The trimer core with six attached rods may be observed only when the rods stick to the grid surface.
A 3-fold symmetry axis could confer several advantages to phycobilisome structure which are entirely unrelated to a selfassembly process. Three-fold rotational symmetry is found in two other light-harvesting pigment-proteins, a bacteriochlorophyll-protein and a bacteriorhodopsin (3). Fisher et al. (3) point out that 3-fold rotational symmetry is the lowest symmetry for which there are no preferred oscillator angles. Therefore, a randomly oriented chromophore array should be most efficient for harvesting unpolarized light.
A second consideration favoring 3-fold symmetry is that strong chromophore-chromophore interactions can effectively create dimeric or higher order structures which may quench excitations (15) , thereby reducing the efficiency ofenergy transfer. All evenly symmetric pigment-protein structures would generate pairs of oscillators which have parallel transition moments. A parallel orientation of transition moments will increase the probability of strong interactions and the consequent quenching of excitations. Odd rotational symmetry results in the weakest angular dependence for interactions between the equivalent oscillators on each subunit. The angle between symmetrically related oscillator pairs for odd symmetric structures is 60°for 3-fold, 72°for 5-fold, and 51.4°for 7-fold rotational symmetry. The exact relationship between the mutual transition moments and the strength of any interactions which might generate quenching sites depends upon the quantum mechanical model used to describe such interactions. For example, for the Forster model of weak dipole-dipole coupling (4), the interaction energy of chromophores related either by 3-fold or 5-fold rotational symmetry is 10 times less than for the case of parallel orientation. Therefore, the self-assembly of a chromophore array which lacks quenching sites may be significantly more probable for an odd symmetric structure than for an even symmetric assemblage.
Based on the data presented here and in a companion report, a model for the organization of the light-harvesting systems and reaction centers in the cyanobacterial and red algal photosynthetic apparatus is proposed. Two characteristics of the photosynthetic lamellae, the Chl to reaction center I and Chl to reaction center II ratios, appear to be highly conserved in a number of cyanobacterial and red algal species (12, 13 quite similar in Neoagardhiella, Gracilaria, and Anacystis (Table  I , column 1, in Reference 13). One consequence of having fewer, larger phycobilisomes is that the ratio of reaction center Ils must increase. This idea is supported by the demonstration that the reaction center II to phycobilisome ratio is more than 2-fold greater in Neoagardhiella (4.1) than in Anacystis (1.7) which have phycobilisome masses of about 10-15 x 106 and 5 x 106, respectively (12) . The Gracilaria strains allow one to study the relationship between phycobilisome size and packing within a single species. For example, the total biliprotein per Chl of wild type, ora and vrt2 is 8,600, 11,000, and 7,400 D, respectively (Table I , column 1 in Reference 13). Even though the mass of ora and vrt2 phycobilisomes probably differs from wild type by 2-to 3-fold, the ratio of biliprotein to Chl in these strains only changes by 10 to 20%. The abundance, on a Chl basis, of APC and PC in ora is about 60% of the value in wild type (13) . Therefore, it appears that ora, which has larger phycobilisomes than the wild type, probably has a decreased number of phycobilisomes on a Chl or reaction center II basis. If the mass of biliprotein per area oflamellae does not change, then an increase in phycobilisome size must result in a decrease in the number of phycobilisomes per area oflamellae or per Chl. The mutant vrt2, which makes very small phycobilisomes, has APC to Chl and PC to Chl ratios which are about 180% of the wild type value (13) . This mutant should have more phycobilisomes per Chl than does wild type. If the structure of the Chl-containing membrane is the same in the mutant Pur2 and wild type, a more general model than the above will be required in order to include the purple mutants of Gracilaria. The phycobilisomes of Pur2 are similar to wild type in size and composition (Tables I and  II ), yet relative to Chl, Pur2 contains 6-fold more biliprotein than wild type (Tables I, column Figure 10b , the reaction center II to phycobilisome ratio is 1 to 2 in wild type, 3 to 4 in ora, and only 1 in vrt2. A second case, not shown in Figure 10b , is that of an increase or decrease in the amount of biliprotein per area of lamellae, such as may be occurring in Pur2. The model assumes a uniform thylakoid system, unlike that found in green plants (21) , and is applicable to Anacystis or Neoagardhiella and those cyanobacterial or red algal species which contain or lack PE. Therefore, changes in phycobilisome size, whether controlled directly by genetic lesions or environmental factors, have large and functionally significant influences on the organization of the photosynthetic unit of the cyanobacteria and red algae.
